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Intracellular distribution and depletion of glutathione In rabbit renal
proximal tubules. The intracellular compartmentation of glutathione
(GSH) in rabbit renal proximal tubules under various conditions was
examined using the digitonin fractionation technique. Tubules with
GSH contents similar to those found in vivo (13.4 0.8 nmol mg
protein-') and with decreasing amounts of GSH had an apparently
constant mitochondrial GSH pool of 1.9 0.1 nmol mg protein'.
This renal mitochondnal GSH pool is similar in size to that of hepatic
mitochondria and represents 10 to 15 percent of the total cellular GSH.
Using phorone and diethyl maleate to decrease tubular GSH concen-
trations, the cytosolic GSH pool could be depleted without affecting the
mitochondrial GSH pool. Depletion of the cytosolic GSH pool and
decreases in the mitochondrial pool of up to 42 percent were not
associated with mitochondrial dysfunction nor loss of tubular viability.
The kidney contains a high concentration (mM) of glutathione
(GSH), the biosynthetic and degradation enzymes involved in
GSH metabolism, and plays a major role in the interorgan
metabolism of GSH [1—3]. While the exact physiological roles of
m concentrations of GSH in any cell remain to be determined,
GSH is thought to function directly or indirectly in many
cellular reactions including the detoxification of reactive oxy-
gen species [I].
Using the selective permeabilization prperties of digitonin
and rapid centnfugation through an inert oil phase, a procedure
has been developed to separate mitochondria from the soluble
cytoplasm of cells [4]. The subcellular compartmentation of
various cellular constituents in rat hepatocytes and rat renal
cortical tubules has been examined using this procedure [5, 6],
including the subcellular distribution of GSH in rat hepatocytes
[7—9]. GSH was found in two intracellular pools in hepatocytes.
The cytoplasmic GSH pool was the largest, containing 85 to 90
percent of the cellular GSH. The mitochondrial pool contained
the remaining 10 to 15 percent. These values are in agreement
with those reported for isolated mitochondria from rat liver
[10].
In a preliminary study, we modified the digitonin fraction-
ation technique used in determining the intracellular compart-
mentation of GSH in hepatocytes to determine the intracellular
compartmentation of GSH in rabbit renal proximal tubules [11].
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While the digitonin method was successfully modified and
applied to rabbit renal proximal tubules, it was subsequently
determined that the renal proximal tubules used in that study
contained decreased levels of GSH compared to renal proximal
tubules in vivo. Thus, the proportion of GSH in the mitochon-
drial pool was overestimated. One goal of this study was to
explore the subcellular distribution of GSH in rabbit renal
proximal tubules over a large range of intracellular GSH levels.
Since GSH functions as a cytoprotectant against endogenously
produced reactive oxygen species [11, depletion of cytosolic or
mitochondrial GSH pools may result in mitochondrial dysfunc-
tion and/or cytotoxicity. The second goal of this study was to
examine the acute effects of several known GSH depleting
agents on GSH compartmentation, mitochondrial function and
viability of rabbit renal proximal tubules.
Methods
Materials
The sources of the chemicals used in this study have been
reported previously [11, 12]. Reduced glutathione, glutathione
reductase and NAI)PH were obtained from Sigma Chemical
Co. (St. Louis, Missouri, USA). Phorone (2,6-dimethyl-2,5-
hepatadien-4-one), 2-cyclohexen-1-one (CHX), diethyl maleate
(DEM) and 5-sulfosalicyclic acid were purchased from Aldrich
Chemical Co. (Milwaukee, Wisconsin, USA). Digitonin and
buthionine sulfoxirnine (BSO) were obtained from Behring
Diagnostics Corp. (San Diego, California, USA) and Chemical
Dynamic Corp. (South Plainfield, New Jersey, USA), respec-
tively.
Renal tubule suspension
The protocol and solutions used in the preparation of rabbit
renal proximal tubules have been described elsewhere [11—14].
Proximal tubules were isolated after in situ collagenase perfu-
sion and washed by centrifugation and resuspension in the
presence of 10 mst GSH. To remove cellular debris and
nonviable cells, the tubular suspension was layered on a cush-
ion of Ficoll and centrifuged. Tubules on top of the Ficoll were
removed and washed three additional times by centrifugation
and resuspension. The final pellet was resuspended in a solution
containing (mM): NaCI, 115; KC1, 5; NaHCO3, 25; NaH2PO4, 2;
MgSO4, 1; CaCI2, 1; alanine, 1; glucose, 5; lactate, 4; malate, 5;
and butyrate, 2 (296 mOsm, pH 7.4) at a cellular protein
concentration of 4 to 5 mg/ml.
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To obtain proximal tubules with various GSH levels, tubules
were 1.) isolated as described above and preincubated in the
above buffer with 0, 1 or 2 mM OSH for 30 minutes; 2.) isolated
in the absence of 10 ifiM GSH and preincubated for 30 minutes;
or 3.) isolated in the absence of 10 mrvi GSH, preincubated for
15 minutes, and CHX, DEM, BSO or phorone added. Follow-
ing the addition of CHX, DEM, BSO or phorone (time 0), the
proximal tubules were incubated for an additional 15, 30, or 60
minutes. All incubations were carried out at 37°C and gassed
continuously with 95% 02/5%C02. Additional sodium butyrate
was added at time 30 minutes for a final concentration of 2 mM.
CHX, DEM, and phorone were dissolved in DMSO (final
concentration 0.5%). BSO was dissolved in water. Controls
received an equivalent amount of the respective diluent.
Intracellular compartmentation studies
The intracellular compartmentation of GSH was determined
as previously described [11]. Briefly, a 1 ml aliquot of the tubule
suspension was placed in a 10 ml beaker containing 4 ml of
ice-cold MOPS buffer (20 m MOPS, 3 mist EDTA, pH 7.4)
with or without digitonin (0.4 mg/ml) and magnetically stirred
for 30 seconds. An aliquot was taken and centrifuged through
phthalate (dibutyl phthalate : dioctyl phthalate, 2: 1) for the
determination of GSH concentrations in the medium. Aliquots
were also taken for the determination of total GSH content
(tubules plus medium). In the absence of digitonin there is only
a small release of lactate dehydrogenase (LDH) (a cytosolic
enzyme marker) activity, GSH and glutamate dehydrogenase (a
mitochondrial enzyme marker) activity [11]. In the presence of
0.4 mg/mI digitonin there is a large increase in the release of
lactate dehydrogenase activity and GSH, but not glutamate
dehydrogenase activity. Higher concentrations of digitonin
result in the release of the remaining GSH in association with
the release of glutamate dehydrogenase activity. Thus, this
fractionation procedure permits the separation of the cytosolic
GSH compartment from the mitochondrial GSH compartment.
Biochemical assays
GSH contents were determined in the medium and in the
tubule suspension by the method of Griffith [15]. LDH activity
was measured by the method of Bergmeyer, Bernt and Hess
[16] as described by Schnellmann and Mandel [12], and was
expressed as the percentage of intracellular LDH activity
released. Protein content was determined by the biuret method
of Gornall, Bardwill and David [17] after solubilization in 0.2 M
NaOH/10% deoxycholate. Bovine serum albumin served as the
protein standard.
Oxygen consumption
Oxygen consumption (QO2) of the tubule suspension was
monitored using a Clark-type oxygen electrode and an oxyme-
ter [11—13]. After obtaining the basal Q02, the monovalent
ionophore, nystatin (approximately 1000 U/ml) was added. The
addition of nystatin to proximal tubules leads to a rapid increase
in QO2 caused by the entry of sodium ions from the extracel-
lular medium and the subsequent stimulation of the Na,K-
ATPase. The QO2 obtained with nystatin addition is equal to the
mitochondrial state 3 respiratory rate under control conditions
[18, 19]. Ouabain (0.1 mrvt final concentration) was added to the
chamber to obtain the respiration rate coupled to the Na,
K-ATPase.
Statistics
The data are presented as the mean SEM. Data were
analyzed by analysis of variance or Student's I-test. Multiple
means were tested for significance using Fisher's protected
least significant difference test and a P value of less than 0.05.
Results
Using the digitonin fractionation technique, the intracellular
compartmentation of GSH was examined in rabbit renal prox-
imal tubules containing a wide range of GSH levels. Tubules
isolated and preincubated in the absence of extracellular GSH
contained 4.7 0.4 nmol OSH . mg protein'. This GSH
content is 35 percent of in vivo rabbit renal tissue samples (13.4
0.8 nmol mg protein') [20]. The size of the mitochondrial
pool in tubules with 4.7 0.4 nmol OSH. mg protein' was 2.0
0.1 nmol . mg protein.
By isolating tubules in the presence of GSH and preincubat-
ing with different concentrations of GSH, tubules can be
obtained with various GSH contents. The amount of GSH in the
mitochondrial compartment in relation to various tubular GSH
contents is shown in Figure 1. Inclusive in this figure are tubular
GSH levels similar to those found in vivo [20]. A line was fitted
to the data points by linear regression. The correlation coeffi-
cient and the slope of the regression line were —0.04 and —173,
respectively. The lack of a significant correlation coefficient and
a large slope indicated that the size of the mitochondrial OSH
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Fig. 1. The relationship between the mitochondrial glutathione pool
and glutathione concentrations in rabbit renal proximal tubules. The
correlation coefficient and slope of the regression line were —0.04 and
—173, respectively. The x-intercept was 2.0 nmo1 mg protein.
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cytosolic GSH compartment. Furthermore, when the tubular
GSH content was decreased, the decrease occurred in the
cytosolic GSH pool. The x-intercept of the regression line was
2.0 nmol . mg protein* The size of the mitochondrial compart-
ment was in agreement with the value calculated from the
tubules with decreased GSH levels described above and with
the summation of all individual data points in Figure 1(1.9 0.1
nmol . mg protein').
Various procedures were used to study the effects of GSH
depletion on cellular function. Preliminary experiments (not
shown) demonstrated that no physiological differences could be
observed between GSH replete tubules and those prepared in
the absence of extracellular GSH containing 35 percent of the in
vivo GSH values. Therefore, the latter procedure was used in
all subsequent studies to minimize doses and exposure times of
the various agents used.
To determine whether a GSH synthesis inhibitor [21] would
decrease GSH content in rabbit renal proximal tubules, BSO
was added to a suspension of proximal tubules. BSO is a
specific inhibitor of gamma-glutamylcysteine synthetase. BSO
(1 mM) addition resulted in a time-dependent reduction in
tubular GSH content (Fig. 2). The maximum decrease (to 2.8
0.3 nmol . mg protein') occurred after 60 minutes of exposure
to BSO and was 55 percent of control values.
The effects of three agents that decrease GSH content by
alkylation, either directly and/or via GSH S-transferases [6, 22],
were examined in proximal tubules with decreased GSH levels.
CHX was the most potent of the three agents examined in this
study; it decreased tubular GSH in a dose-dependent manner
after 15 minutes of exposure (Fig. 3). A concentration of 0.1 mM
decreased tubular GSH content 78 percent to 1.1 0.1
nmol mg protein' following 15 minutes of exposure. Concen-
trations of 0.2 and 0.5 m decreased GSH content 83 and 93
percent, respectively.
DEM was intermediate in potency. A concentration of 0.5
m decreased tubular GSH content 57 percent to 2.1 0.6
nmol. mg protein' after 15 minutes of exposure (Fig. 3).
Higher concentrations (1, 2, or 5 mM) of DEM did not result in
further decreases in tubular GSH content. The addition of 0.5
mM phorone to a suspension of proximal tubules for 15 minutes
resulted in a 54 percent decrease in GSH levels to 2.2 0.2
nmol• mg protein' (Fig. 3). Higher concentrations (1, 2, or 5
mM) of phorone did not result in further decreases in tubular
GSH content.
Figure 4 illustrates the time-dependent effects of phorone,
DEM and CHX on tubular GSH content. For all compounds
examined, the major decrease in GSH content occurred within
the first 15 minutes of exposure. In the case of 2 mrvi phorone,
tubular GSH content increased between the 30 and 60 minute
time points. Tubular GSH content also increased between the
15 and 30 minute time points following exposure to 1 mrvi DEM.
In contrast, 0.2 mtvi CHX further decreased tubular GSH
content between the 15 and 30 minute time points.
Since 1 mrvi phorone and 1 mrvi DEM decreased tubular GSH
contents to approximately the size of the tubular mitochondrial
pool, we examined whether these concentrations of GSH
alkylators completely depleted the cytosolic GSH pool. After
15 minutes of exposure to 1 m phorone, tubular GSH content
was 2.2 0.7 nmol . mg protein' and fractionation studies
demonstrated that tubular mitochondnal GSH content was 1.7
0.3 nmol• mg protein'. After 15 minutes of exposure to 1
mM DEM, tubular GSH content was 1.5 0.2 nmol• mg
protein' and tubular mitochondrial GSH content was 1.6 0.3
nmol. mg protein'. The lack of a significant difference in
tubular GSH contents and tubular mitochondrial contents using
both DEM and phorone showed that the cytosolic GSH pool
was depleted and that depletion of the cytosolic GSH pool
occurred prior to decreases in the mitochondrial GSH pool.





Fig. 2. The effect of buthionine sulfoximine (BSO) on glutathione
concentrations in rabbit renal proximal tubules. Points with different
superscripts are significantly different from one another (P 0.05).







Fig. 3. The dose-dependent effects of phorone (•), diethyl maleate
(U), and 2-cyclohexen-J-one (A) on glutathione concentrations in
rabbit renal proximal tubules. All treated tubules contained decreased
GSH concentrations compared to controls (P  0.05).15 30 60
Time, minutes
2 3 4 5
Concentration, mM
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tubular mitochondrial function and viability, tubules were incu-
bated with 1 mrx BSO, 2 mrvi phorone, 2 mr,t DEM or 0.5 mM
CHX for 60 minutes. Nystatin-stimulated ouabain-sensitive
oxygen consumption and LDH release were used as markers of
mitochondrial function and viability, respectively. BSO,
phorone, DEM and CHX, at the above concentrations, de-
creased tubular GSH contents to 2.8, 2.5, 0.8, and 0.3
nmol . mg proteir' (Table 1). These values are 60, 52, 17, and
6 percent of control values and 21, 19, 6, and 2 percent of in
vivo values. Sixty minutes of decreased tubular GSH content
elicited by BSO, phorone and DEM had no effect on nystatin-
stimulated ouabain-sensitive Q02 nor LDH release. CHX (0.5
mM) decreased nystatin-stimulated ouabain-sensitive Q02 but
did not alter LDH release. These results show that mitochon-
drial function and tubular viability were maintained for at least
60 minutes under conditions in which the cytosolic GSH pool
was depleted and the mitochondrial GSH pool was decreased to
58 percent. The results obtained with CHX and DEM suggest
that decreasing the mitochondrial GSH pool below 58 percent
(0.8 nmol' mg protein') may result in initiation of mitochon-
drial dysfunction.
Discussion
This study determined the intracellular compartmentation of
GSH in rabbit renal proximal tubules under a variety of
conditions. Tubules with GSH contents similar to those found
in vivo (13.4 2.0 nmol . mg protein') had a mitochondrial
GSH pool of 0.8 nmol . mg protein'. Thus the mitochondrial
GSH pool represented 14 percent of total tubular GSH. These
results are in contrast to those in a preliminary report in which
the mitochondrial GSH pool was thought to be larger than the
cytosolic GSH pool [11]. The differences can be accounted for
Glutathione- Nystatin-stimulated
concentration ouabain-sensitive Q02 LDH
nmol' mg nmol O2 mg release
Treatment protein1 protein' mm —i %
Controla 4.8 O.3"° 16.9 0.8° 8.1 0.7°
BSO 1 mM 2.8 03" 19.1 2.1° 9.0 0.7°
Phorone 2 mse 2.5 0.2" 18.4 0.6° 5.5 0.5°
DEM 2 mM 0,8 01" 19.3 2.0° 6.9 0.8°
CHX 0.5 m 0.3 0.1" 13.9 0,8" 6.4 0.2°
60 by the use of tubules with decreased GSH concentrations and a
less specific GSH assay.
Since approximately 24 percent of rabbit renal proximal
tubular protein is mitochondrial protein [18], the mitochondrial
GSH content is 8.3 nmol• mg mitochondrial protein'. The
concentration of rat liver mitochondrial OSH ranges from 3.9 to
8.8 nmol mg. mitochondrial protein' [7, 8, 23, 24]. Thus, the
concentration of GSH in renal and hepatic mitochondria is
similar and represents 10 to 15 percent of the total cellular OSH.
Under conditions in which tubular GSH was decreased, the
size of the mitochondrial GSH pool remained constant. Using
DEM and phorone the cytosolic GSH pool was completely
depleted prior to decreases in the mitochondrial GSH pool.
These results are consistent with those of Meredith and Reed
[7] using rat hepatocytes. They found the combination of DEM
and BCNU (bis-1 ,3-(2-chloroethyl)-1-nitrosourea, an inhibitor
of glutathione reductase) depleted the cytosolic GSH pool in rat
hepatocytes without altering the mitochondrial GSH pool.
Similar results have been reported for formaldehyde [25]. In
contrast, phorone, BSO, acrolein or ethacrynic acid decreased
the mitochondrial GSH pool in rat hepatocytes in concert with
the cytosolic GSH pool, albeit to a lesser extent [7, 8, 9, 25].
Thus it appears that the mitochondrial GSH pool in both
hepatocytes and proximal tubules is more resistant to changes
than the cytosolic OSH pool. Depending on the agent and tissue
used, the cytosolic GSH pool may be completely depleted prior
to decreases in the mitochondrial OSH pool.
Since GSH functions as a cytoprotectant against endogenous-
ly-produced reactive oxygen species, depletion of cytosolic or
mitochondrial GSH pools may result in mitochondrial dysfunc-
tion and/or cytotoxicity. Using BSO, phorone, and DEM, the
cytosolic and mitochondrial GSH pools were decreased 79 to 94
percent of control values. Under these conditions, mitochon-
drial function as well as tubular viability was not altered. In the
case of 0.5 mivi CHX, tubular GSH levels were decreased 98
percent and mitochondrial GSH 42 percent. Associated with
this change in GSH was a small decrease in Q02 without a
change in viability. Whether the decrease in Q02 is the result of
decreased mitochondrial GSH or a direct effect of CHX remains
to be determined. In either case, depletion of the cytosolic GSH

















Table 1. The effects of buthionine sulfoxinime (BSO), phorone,
diethyl maleate (DEM) and 2-cyclohexen-l-one (CFIX) on glutathione
concentrations, nystatin-stimulated ouabain-sensitive oxygen
consumption (Q02), and lactate dehydrogenase (LDH) release from







a 60 mm incubationsb X 5EM, N = 3 to 5
c,d Values with different superscripts within a column are significant-
ly different from one another (P S 0.05).
15 30 60 15 30 60 15 30
Time, minutes
Fig. 4. The time-dependent effects of phorone, diethyl maleate (DEM)
and 2-cyclohexen-1 -one (CHX) on glutathione concentrations in rabbit
renal proximal tubules. All treated tubules contained decreased GSH
concentrations compared to controls (P s 0.05). *, Significantly dif-
ferent from preceding time point (P  0.05).
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percent did not cause mitochondnal dysfunction nor cell death
of renal proximal tubules for at least 60 minutes.
The present results are similar to those obtained in rat
hepatocytes, where depletion of the cytosolic GSH pooi is not
associated with a loss of cell viability [7, 8, 25]. Only when the
cytosolic GSH pooi is depleted and the mitochondrial GSH pool
is decreased to less than 40 percent of controls does a loss of
viability occur [7, 8]. However, it still remains to be determined
whether the loss of cell viability is the result of decreased
mitochondrial levels or a direct effect of the GSH depleting
agent.
In summary, rabbit renal proximal tubules contain two intra-
cellular poois of GSH. The cytosolic GSH pool is the largest
containing 11 to 12 nmol GSH . mg protein', while the mito-
chondrial pooi contains 1.9 nmol GSH . mg protein -* The
concentration of GSH in renal and liver mitochondria are
equivalent and the mitochondrial GSH pooi represents 10 to 15
percent of the total cellular GSH in each cell type. The tubule
cytosolic GSH pool can be depleted and the mitochondrial GSH
pool dramatically decreased without mitochondrial dysfunction
or a loss of cell viability.
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